The reproductive biotechnologies of intracytoplasmic sperm microinjection, nuclear transfer and DNA microinjection require the visualization of cytoplasmic components and nuclei of oocytes and early embryonic cells. Bovine oocytes were matured and fertilized in vitro, and then centrifuged at the germinal vesicle, metaphase II and pronuclear stages and at syngamy. These (n = 536) were examined using light and transmission electron microscopy. The organelles stratified in five distinct zones in a consistent pattern in both oocytes and zygotes, though relative fractions changed in organelle composition after fertilization. These comprised a centripetal lipid zone, below which was a vesicular zone, then a supra-equatorial band of smooth endoplasmic reticulum (SER), a clear zone and a centrifugal mitochondrial zone. Cortical granules were located peripherally, single or clumped together, in the clear and mitochondrial zones. The nuclei were usually found associated with the SER or Golgi membranes, and chromatin was clumped at one pole within the nucleus. The maturation spindles were often located beneath the oolemma in all zones, while the first mitotic spindle was usually located in the dear zone. Some of the oocytes were activated by centrifugation and completed maturation.
Introduction
Mammalian oocytes are centrifuged at various speeds to determine the stratification of their organelles, including nuclear components (Wall et al, 1985; Cran, 1987; Tatham et al, 1995a) . Centnfugation enhances the visibility of nuclear elements, such as germinal vesicles (GV), metaphase spindles and pronuclei, for their removal, replacement or injection by micromanipulation, now being employed extensively in farm animals such as cattle, sheep and swine. It is also desirable to visualize spermatozoa after intracytoplasmic sperm injection (ICSI) in cattle Bovine oocytes and embryonic cells contain vacuoles and lipicf droplets in their cytoplasm which prevent © European Society for Human Reproduction and Embryology clear visualization of their internal organelles Centrifugation also permits the removal of excess lipid for freezing porcine zygotes and bovine oocytes (Nagashima et al, 1994; Pangestu et al., 1995) . Cran (1987) examined the stratification of sheep oocytes by transmission electron microscopy (TEM) for micromanipulation, and also made some comments on bovine and porcine oocytes. The centrifugation of bovine, porcine and murine zygotes does not affect subsequent development (Wall et al., 1985; Nakamura et al., 1986; Wall and Hawk, 1988) and facilitates the visualization and microinjection of DNA into rabbit, sheep, pig and mouse zygotes Brinster et al., 1986) An extensive examination of centrifuged bovine zygotes has not been reported at the ultrastmctural level. This study elucidates m detail the stratification of immature, mature and fertilized bovine oocytes examined both by light microscopy and TEM. In particular it focuses on the stratification of spindles in oocytes.
Materials and methods
In-vitro maturation and fertibzation of bovine oocytes were performed according to Tatham et al (1995a,b) . Prior to centnfugation, oocytes at the GV or metaphase n (Mil) stage were denuded of cumulus cells by vortexing. Oocytes were vortexed for 2 mm in 15.0 ml conical tubes containing 1.0 ml Tyrodes with albumin, lactate and pyruvate (TALP) supplemented with HEPES (Calbiochem, CA, USA), bovine serum albumin (BSA; Miles Pentex, IL, USA) and hyaluronidase (Sigma, MO, USA), and modified not to contain Ca 2+ and Mg
2+
ions Cumulus cells were removed from zygotes by vortexing for 2 min in TCM 199 supplemented with HEPES and 10% fetal calf serum (FCS, P.A.Biologicals, Australia). The remaining cumulus cells were removed by vigorous pipetting with finely drawn glass pipettes. Oocytes and zygotes (n = 536) were centrifuged for 10 min in an Eppendorf 5414C centrifuge at 15 800 g in 50 jjj TCM 199 HEPES in 1.5 ml Eppendorf centrifuge tubes. Immediately following centnfugation, the oocytes and zygotes were examined by Nomarski optics, fixed and processed for routine TEM (Sathananthan, 1993; Sathananthan et al, 1996) .
Results
Centrifugation enhanced the visibility of oocyte and zygote nuclear elements, such as GV, maturation spindles, pronuclei and the first mitotic spindle at syngamy. However, stratification of the cytoplasmic organelles was not complete at the speed of centrifugation employed
Light microscopy
In fresh, unfixed oocytes and zygotes the lipid had moved to the centripetal pole, the only variation being that the lipid cap which formed in GV oocytes appeared to be of a greater volume than that in mature oocytes and zygotes. On closer inspection, distinct stratification could be observed in the top half of the oocytes and zygotes, consistent with the stratification of organelles after centrifugation at 15 000 g (Tatham et al, 1995a) . Sections of centrifuged bovine oocytes and zygotes after staining with Toluidine blue showed five layers of organelles stratified in a similar manner in each of the stages examined (Figure laf). Lipid was yellowish brown and concentrated at the centripetal pole, under which was a layer of membrane-bound vesicles (Figure la and e) . The smooth endoplasmic reticulum (SER) stratified as a supra-equatorial band beneath the vesicular zone (Figure la, e and f). Below the SER zone was a large clear zone with a few organelles (Figure la, c and e) . The centrifugal pole 1500 was composed mostly of dense mitochondria. Immature oocytes stratified with the GV located above the equator at the level of the SER band, which abutted into both the vesicular and the clear zones (Figure la) . Some MH oocytes were activated on centrifugation and progressed to second polar body formation. Maturation spindles at Mil, anaphase II and telophase II were found to be closely associated with the oocyte cortex and were oriented more or less perpendicular to the oocyte surface ( Figure  le and f) . Centrifugation of MR oocytes without their zona pellucida (ZP) occasionally produced an extrusion cone containing MH chromosomes ( Figure Id) . In fertilized ova, the pronuclei were usually found at the equatorial band (Figure lb) or invading the vesicular zone above the equator. Chromatin and nucleoli stratified towards either pole within each GV or pronucleus (Figure la and b) . 
Electron microscopy
The fine structure and distribution of cellular organelles and nuclear elements were observed in uncentrifuged eggs (Sathananthan et ai, 1996) and conformed to that documented by Hytell (1988) . The stratification of organelles seen by TEM is shown in Figures 2-6. Mitochondria were dense and formed a distinct zone at the centrifugal pole (Figure 2 ). However, a few mitochondria were evident in the other zones, sometimes trapped in indentations of nuclei or maturation spindles Above the mitochondnal zone was the finely granular clear zone (Figures 3 and 4) The supra-equatonal band consisted of vesicular and tubular elements of the SER (Figure 3) . The vesicular zone above the equator consisted of clear vesicles of varying size, some with membranous inclusions (Figures 4  and 5 ). The centripetal pole was composed of lipid globules, some of which appeared to have washed out dunng dehydration ( Figure 6 ). The lipid zone may form one or two blebs Cortical granules stratified in the mitochondnal zone beneath the oolemma and were also found laterally in the clear zone, closely associated with the surface in unfertilized oocytes. Secondary lysosomes were usually found in the vesicular zone (Figure 7) , as well as in the mitochondrial zone. Golgi complexes were normally found in the equatorial band between the vesicular and SER zones, and were associated with both GV and pronuclei when Golgi activity was at a peak. Mil oocytes rarely had Golgi, which also stratified at the equator. They were also occasionally found in the clear zone (Figure 8) .
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The MH, anaphase II and telophase II spindles (Figures 7-9) were found anchored beneath the oolemma and were embedded within a dense granular matrix. A band of fine microfilaments was evident over the outer pole of these spindles. The MH spindle was occasionally bisected by mitochondria (Figure 7) . Activated spindles were usually located adjacent to the clear zone ( Figures  8 and 9 ), while the Mil spindle was found associated with the vesicular zone. In ageing oocytes, the Mil spindle detached from the surface and cortical granules formed aggregates in the mitochondrial zone (Figure 2) . Pronuclei stratified at the equator 1502 ( Figure 5 ) and were closely associated with Golgi complexes and annulate lamellae. Remnants of sperm midpieces and tails were associated with the male pronucleus ( Figure 5 ).
The first mitotic spindle was usually located in the clear zone and was associated with mitochondria ( Figure 10 ) These were usually bipolar, rarely tripolar. Cumulus cells were not affected by centrifugation, but the first polar body stratified Like the oocyte.
Discussion
This study portrays the stratification of cellular organelles, including nuclear elements, in bovine oocytes and 1-cell embryos after moderate centnfugation at 15 800 g. Although stratification is not complete with respect to mitochondria, lysosomes, Golgi and cortical granules, it is sufficient to visualize nuclear structures such as GV and pronuclei to permit DNA injection into nuclei and nuclear micromanipulation Because nuclear structures often stratify in the equatorial region at the SER band, they could be approached from the clear zone for successful micromanipulation This clear zone could also be the site of ICSI of mature oocytes in order to visualize the injected spermatozoa. This is not possible in uncentrifuged oocytes, which have vesicular elements and lipid globules that mask the ooplasm, unlike in human and mouse oocytes. The peripheral location of MTJ spindles in the vicinity of the first polar body in centrifuged oocytes may permit spindle removal for enucleation experiments (Tatham et al, 1995a) . This would be easier to perform if the oocyte was induced by appropriate centnfugation to form extrusion cones containing chromosomes. Perhaps stratification could be improved by higher speeds of centrifugation (up to 90 000 g) used in mouse oocytes, which survive and develop to blastocysts and go to term (Mulnard and Puissant, 1986) .
The pattern of stratification more or less conforms to that reported for sheep oocytes by Cran (1987) . We have also detected five clear zones m immature oocytes, unlike in sheep oocytes. This study further clarifies the positioning of meiotic spindles at vanous stages of maturation and also that of the first mitotic spindle at syngamy. Perhaps these findings may also be applicable to sheep biotechnology, and be used as a guide during micromanipulation, as indicated for the bovine model.
The complete separation of lipid globules into a clear-cut zone or into blebs at the centripetal pole would make it possible to remove these globules prior to the freezing of oocytes/embryos by either further centrifugation or micromanipulation (Nagashima et al, 1994; Pangestu et al, 1995) . It is known that lipid causes ooplasmic damage on freezing in the mouse (Sathananthan et al., 1992) , and this may reduce the survival potential of early embryos. Indeed, this has been shown to be the case in bovine embryos (Mohr and Trounson, 1981) .
As for oocyte tolerance and survival after centnfugation, zona-free bovine oocytes were able to tolerate centrifugal forces up to 5000 g before fragmentation commenced, while some oocytes remained intact after being subjected to forces of 15 000 g (Tatham et al, 1995a) . Bovine oocytes that were centrifuged with the zona intact were delipidated and subjected to in-vitro fertilization when they developed to the blastocyst stage (Pangestu et al, 1995) It must be noted that changes in the cytoskeletal architecture, nuclear morphology and organelle content occur during oocyte maturation (Hytell, 1988) . It is, however, remarkable that the maturation spindles were mostly intact and were firmly anchored to the oocyte cortex beneath the oolemma, even after centnfugation. Spindle damage was minimal, although some of the oocytes were activated. Hence, the cortical cytoskeleton and spindle organization seems to be largely intact.
Finally, centrifugation may be used to analyse ooplasmic fractions such as SER, mitochondria and lipid to determine their relative proportions during maturation. Morphometric studies of oocytes and embryos are time-consuming and laborious, and centrifugation might make them an easier task This type of investigation could be performed on human oocytes in an in-vitro fertilization laboratory with some cytological support, and will be of considerable value in the technique of sperm microinjection of oocytes in the treatment of infertility
